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The Assimilation of Amino Acids by Bacteria In the previous paper of this series (Gale & Folkes, 1953c) it was shown that incubation of washed suspensions of Staphylococcus aureus (Micrococcus pyogenes var. aureus) with glucose and [14C]-glutamic acid resulted in incorporation of the labelled glutamic acid into the protein fraction of the cells. This process occurred in the absence of demonstrable protein synthesis and underwent considerable modification in properties when a complete mixture of amino acids was added. Under these conditions net synthesis of protein took place and was inhibited by bactericidal concentrations of chloramphenicol (Gale & Folkes, 1953a, b) . The incorporation of labelled glutamic acid was equally sensitive to the antibiotic as long as a complete mixture of amino acids was present but became markedly less sensitive when glutamic acid was the only amino acid present in the incubation mixture. Woolley (1951) found that phenylalanine would decrease the antibacterial action of chloramphenicol when this was present in concentrations which partially inhibited growth, although the amino acid was ineffective as antagonist when growth inhibition was complete. He pointed out that there are structural similarities between chloramphenicol and phenylalanine, and suggested that the antibiotic acts as an inhibitor of phenylalanine metabolism and may prevent the incorporation of phenylalanine into proteins. Halvorson & Spiegelman (1952) investigated the inhibition of growth and enzyme formation in yeast by amino acid analogues, and found that certain derivatives of phenylalanine, o-and p-fluorophenylalanine in particular, were potent inhibitors whose action could be competitively antagonized by the corresponding amino acid only. It was thought that a study of the actions of chloramphenicol and an analogue of phenylalanine on the incorporation of that amino acid into the protein fraction of Staph. aureus might throw light on the relationship between amino acid incorporation and protein synthesis, and also on the mode of action of chloramphenicol.
METHODS
The organism, methods of growth, preparation of suspensions, incubation mixtures and conditions, preparation and counting of radioactive protein fractions were the same as those described in the previous paper (Gale & Folkes, 1953c) . The radioactive phenylalanine, obtained from the Radiochemical Centre, Amersham, was DL-[P-114C]phenylalanine of specific activity 1 19 mc/m-mole. The amino acid mixture used was that described as mixture A by Gale & Folkes (1953a) with the omission of glutamic acid and phenylalanine; these were added in labelled or non-labelled form as described below. Gale & Folkes (1953c) showed that the rate of incorporation of glutamic acid into the protein of Staph. aureus varied with the concentration of glutamic acid in a manner similar to that obtained for the variation of the rate of an enzyme-catalysed reaction with substrate concentration, and that a straight line was obtained if the reciprocal of the rate was plotted against the reciprocal of glutamic acid concentration. A similar situation has been found in the present studies and it has been possible to study the inhibition of incorporation by application of the methods of analysis devised by Lineweaver & Burk (1934) .
RESULTS
Incorporation of phenylalanine into the protein fraction of Staph. aureus. Incubation of washed suspensions of Staph. aureus with glucose and 14C-labelled phenylalanine (condition 1) results in a progressive incorporation of 14C into the protein fraction of the cells in a manner similar to that previously described for glutamic acid (Gale & Folkes, 1953c) . The addition of a complete mixture of amino acids (condition 2) markedly increases the rate of incorporation. Under both conditions the incorporation is prevented by prior heating of the cells to 1000 for 10 min.
Effect of phenylalanine concentration on the rate of incorporation. Fig. 1 (Gale & Folkes, 1953c) .
Action of chloramphenicol on phenylcknine incorporation. Fig. 2 shows the effect of chloramphenicol on the incorporation of either phenylalanine or glutamic acid in the presence and absence of a complete amino acid mixture. It can be seen that the incorporation of phenylalanine is more sensitive to inhibition by chloramphenicol than is incorporation of glutamic acid whether oth-er amino acids are present or not, and that both incorporations are more sensitive under condition 2 than under condition 1. Figs. 3a and 3b show the effect of two or three concentrations of chloramphenicol on the relation between phenylalanine concentration and rate of incorporation. Whether studied under condition 1 or 2, the lines obtained show a typical non-competitive inhibition. of incorporation by chloramphenicol (see Lineweaver & Burk, 1934) . Table 1 shows that there is a small increase in the calculated 'apparent Michaelis constant' when chloramphenicol inhibits phenylalanine incorporation under condition 1, whereas there is a marked decrease in the calculated value when inhibition occurs under condition 2. Similar experiments have been carried out with aureomycin and terramycin, and in these cases the inhibition (0) and glutamic acid (0) adied. It seemed mixture were also made limiting. Table 2 shows that oramphenicol and although the action of p-chlorophenylalanine is ic acid incorpora-affected to some extent by the phenylalanine cone increased if the centration, the analogue has little inhibitory action in the amino acid on glutamic acid incorporation under condition 2 even when the phenylalanine concentration is reduced to such a level that the incorporation of phenylalanine is almost completely abolished by the analogue. This conclusion was confirmed ( Actions of other antibiotics on phenylalanine incorporation. Table 5 shows the inhibition of phenylalanine incorporation under conditions 1 and 2 by a number of antibiotics. The inhibition of glutamic acid incorporation in parallel experiments is also given for comparison. The incorporation of phenylalanine, whether under condition 1 or 2, is more sensitive to the action of chloramphenicol, aureomycin or terramycin than is the incorporation of glutamic acid, but whereas the latter is sensitive to inhibition by penicillin or bacitracin under condition 1, these antibiotics have no effect on phenylalanine incorporation under the conditions used. Woolley (1951) has suggested that the action of chloramphenicol is due to its relationship to phenylalanine. The incorporation ofphenylalanine into the protein fraction of Staph. aureus is certainly more sensitive to inhibition by chloramphenicol than is the incorporation of glutamic acid but not more so than the incorporation ofproline, leucine or tyrosine (Gale & Folkes, 1953c) . Moreover, the difference in sensitivity is also shown with aureomycin and terramycin. Analysis of the nature of the inhibition E VoI. 55 Table 4 . Action of p-chlorophenylalanine on net protein synthesis and on the incorporation of either phenylalanine or glutamic acid into the protein fraction of Staphylococcus aureus (Washed suspension of Staph. aureus incubated at final suspension density 2-0 mg. dry wt. of cells/ml. for 1 hr. at 370 with 0 75% (w/v) glucose and amino-acid mixture A less glutamic acid and phenylalanine (final concentration of each component =0-2 mg./ml.) with additions of glutamic acid and phenylalanine as follows: (a) Unlabelled glutamic acid and phenylalanine; 100mg. dry weight of cells; protein precipitated at end of incubation and in initial sample with 5 % (w/v) cold trichloroacetic acid and protein-glutamate estimated after hydrolysis (Gale & Folkes, 1953a) Phenylalanine (pmole/ml.) amino acids to the same extent. This is not the case; it has been shown above that chloramphenicol and p-chlorophenylalanine affect the incorporation of glutamic acid and phenylalanine (under condition 2) to different extents. In the case of p-chlorophenylalanine it is possible to inhibit the incorporation of phenylalanine almost completely without producing significant effect on the incorporation of glutamic acid, and the inhibition of protein synthesis correlates with the effect on phenylalanine. It would seem that inhibition of protein synthesis follows the inhibition of incorporation of that amino acid most sensitive to the inhibitor used. Prevention of protein synthesis by abolishing the uptake of phenylalanine has little or no effect on the rate of glutamic acid incorporation under condition 2, and this confirms the previous studies on glutamic acid incorporation (Gale & Folkes, 1953c) in which it was shown that addition of a complete amino acid mixture increased the rate of glutamic acid incorporation but that omiission of phenylalanine from that mixture had little effect. It is clear that the rate of incorporation of a labelled amino acid into the protein fraction of a living cell cannot necessarily be taken as a measure of the rate of protein synthesis within that cell. SUMMARY 1. Incubation of washed suspensions of Staphylococcus aureus with glucose and l4C-labelled phenylalanine results in incorporation of the isotope into the protein fraction of the cells. The rate of incorporation can be markedly increased by the addition of a complete mixture of amino acids to the incubation mixture.
DISCUSSION
2. The incorporation of phenylalanine, whether in the presence or absence ofthe amino acid mixture, is competitively inhibited by p-chlorophenylalanine, and non-competitively inhibited by chloramphenicol, aureomycin or terramycin.
3. The incorporation of phenylalanine is more sensitive to the action of chloramphenicol, aureomycin or terramycin than is the incorporation of glutamic acid.
4. When a complete mixture of amino acids is present, an inhibitor may affect net protein synthesis, the incorporation of phenylalanine and the incorporation of glutamic acid to different extents. p-Chlorophenylalanine completely inhibits net protein synthesis and phenylalanine incorporation while being without significant effect on glutamic acid incorporation.
